We combined atmospheric CO 2 measurements, satellite observations, and an atmospheric transport model in an inverse modeling framework to infer a key property of vegetation physiology, the light-use efficiency (LUE) of net primary production, for large geographic regions. We find the highest LUE in boreal regions and in the northern hemisphere tropics. Within boreal zones, Eurasian LUE is higher than North American LUE and has a distinctly different seasonal profile. This longitudinal asymmetry is consistent with ecological differences expected from the much greater cover of deciduous vegetation in boreal Eurasia caused by the vast Siberian forests of the deciduous conifer, Larch. Inferred LUE of the northern hemisphere tropics is also high and displays a seasonal profile consistent with variations of both cloud cover and C 4 vegetation activity.
Introduction
Measurements of atmospheric CO 2 concentration at remote monitoring stations constrain large-scale terrestrial carbon fluxes. In combination with atmospheric transport models and inversion modeling, these concentration data suggest a large northern hemisphere terrestrial carbon sink during most of the last decade (Enting et al., 1995; Fan et al., 1998; Rayner et al., 1999; Bousquet et al., 2000; Pacala et al., 2001; Rayner, 2001; Gurney et al., 2002) . The spatial distribution of this sink has been the subject of intense scrutiny, especially the partitioning of net carbon exchanges between Eurasia and North America. Most inversion results suggest asymmetries in the magnitude of carbon storage between these continental regions. For example, one result (Fan et al., 1998) places most of the northern hemisphere terrestrial carbon sink in North America, while recent studies suggest a more even balance, albeit with the majority located in Eurasia (Rayner et al., 1999; Bousquet et al., 2000; Pacala et al., 2001; Gurney et al., 2002) .
In addition to using the inversion approach to solve for sources and sinks of carbon, it is also possible to solve for key parameters that regulate ecosystem function. In this study, we present an inversion calculation of the light-use efficiency (LUE) for large land regions on a seasonal basis. We use the inferred LUE patterns to test ecological theory underlying biosphere models and to improve our understanding of ecosystem processes and the carbon cycle across multiple scales. Specifically, we evaluate our results against broad-scale vegetation distributions and the composition of downwelling solar radiation, as well as carbon storage patterns from recent inversion results.
One of the simplest approaches for predicting net primary production using such biosphere models is the 'light-use' or 'production' efficiency model (Monteith, 1977) that has been adapted for global simulations (Potter et al., 1993; Ruimy et al., 1994 Ruimy et al., , 1999 Field et al., 1998) . In this 'bottom-up' approach, net primary production (NPP), or the difference between gross photosynthesis and autotrophic respiration, is assumed to be proportional to absorbed photosynthetically active radiation, or APAR, with the proportionality coefficient being the LUE term:
Spatial and temporal variations in APAR are prescribed from surface irradiance and the fraction of incident photosynthetically active radiation (fPAR) absorbed by vegetation, derived from satellite observations (Potter et al., 1993; Ruimy et al., 1994; Field et al., 1998; Ruimy et al., 1999) .
The LUE term represents a conversion efficiency, or the ratio of carbon biomass produced for each unit of absorbed light. In natural ecosystems, LUE is determined by many biological and biophysical factors, principally, maximum photosynthetic rates under lightsaturated conditions, fraction of photosynthesis consumed by autotrophic respiration, quantum yield of photosynthesis, photosynthetic pathway (C 3 vs. C 4 ), and climate (Monteith, 1977; Potter et al., 1993; Running & Hunt, 1993; Ruimy et al., 1994; Goetz & Prince, 1998; Field et al., 1998; Ruimy et al., 1999; Choudhury, 2001) . Additionally, recent experimental (Gu et al., 2002) and theoretical work (Roderick et al., 2001) has shown that canopy-scale LUE is positively related to the diffuse fraction of irradiance, and thus, cloud conditions. Estimates of LUE are not well constrained and provide a large source of error in model estimates of global NPP (Field et al., 1998; Ruimy et al., 1999) . This disagreement among models arises from different philosophies on the environmental and biological controls of LUE and the methods adopted to estimate this parameter. In one approach, LUE departs from a theoretical universal optimum due to climatic variations (Potter et al., 1993) , whereas a contrasting approach assigns LUE values by vegetation functional types (Ruimy et al., 1994) . However, the two approaches are not mutually exclusive.
Although very different in concept and methodology, the inverse, or 'top-down', method and the forward, or 'bottom-up', method are complementary approaches to estimating CO 2 exchange between the atmosphere and terrestrial biosphere (Dargaville et al., 2002) . The standard inverse method takes advantage of atmospheric CO 2 observations that provide an integral constraint on net surface carbon fluxes, but little additional information about the underlying mechanisms. In contrast, the forward approach incorporates process-level understanding to predict the net carbon flux, but suffers from uncertainties in estimating model parameters and scaling carbon fluxes from study sites to larger scales. Recently, several studies (Knorr & Heimann, 1995; Kaminski et al., 2002; Randerson et al., 2002) have attempted to relate the approaches by constraining terrestrial biosphere model parameters using CO 2 observations and atmospheric transport models. Knorr & Heimann (1995) explored atmospheric CO 2 constraints on a simple terrestrial biosphere model by tuning a single global LUE and temperature sensitivity of heterotrophic respiration (Q 10 ) to best match the CO 2 observations. Randerson et al. (2002) used CO 2 concentration data to obtain a single optimal combination of LUE and Q 10 for northern land areas, and then used the optimized 12 C exchanges and atmospheric carbon isotope data to infer terrestrial 13 C discrimination in these regions. Kaminski et al. (2002) , extending a concept proposed earlier by Rayner (2001) , pioneered the use of data assimilation techniques in terrestrial biosphere models. They directly assimilated atmospheric CO 2 concentration data into a biosphere model to infer an optimal value of LUE and Q 10 for each of 12 biomes. Our study builds on these approaches to extend our understanding of large-scale ecological function and examine underlying physiological controls on carbon exchange processes. We incorporate, a priori, satellite-derived fields of APAR, thus augmenting the data input into the underdetermined inversion.
Materials and methods
The land surface was divided into eight large geographic areas (basis regions). After accounting for ocean and fossil fuel influences, the atmospheric CO 2 seasonal cycle results from the balance between NPP and heterotrophic respiration (HR), and so the inferred LUE for these regions must be sensitive not only to the APAR fields, but also to the representation of HR. We, conducted four inversion experiments to test the sensitivity of our results to model inputs. We tested two different fields of APAR, HR, and air-sea gas exchange. In each inversion experiment, we calculated a flux-weighted, growing-season mean LUE for each land basis region. The growing season was defined as the period when the average monthly mean APAR exceeded 25 MJ m
À2
. Monthly errors were added in quadrature to estimate the growing-season mean LUE standard error for each basis region in each experiment. The fluxweighted, growing-season mean LUE values and associated errors from each inversion experiment were then used to calculate the overall mean LUE and error for each basis region. The CO 2 concentration data, inversion methodology, and model inputs of HR, APAR and airsea gas exchange are described in the following sections.
CO 2 seasonal cycle data
The CO 2 seasonal cycle data used in the inversion were taken from the GLOBALVIEW-CO 2 product (GLOBAL-VIEW-CO 2 , 2001). We included only those stations located in the remote marine boundary layer or at continental edges; ocean cruise data were not used. The thirty stations used in our study are listed in Table 1 . The GLOBALVIEW-CO 2 product provides mean seasonal cycles for each station (12 values with associated standard deviations (SDs) for each) as calculated from a detrended smooth fit to the observations. We used the seasonal cycle data from stations in the NOAA Climate Monitoring and Diagnostics Laboratory (CMDL) network only. The number of records used to calculate mean seasonal cycles and SDs varied from station to station, but it was typically greater than five. The temporal coverage of the observations used to construct the GLOBALVIEW mean seasonal cycle product thus usually spanned the decade of the 1990s and in many cases part or most of the 1980s.
Inversion methodology
We used the Bayesian synthesis inversion formalism (Enting et al., 1995; Rayner et al., 1999; Bousquet et al., 2000; Gurney et al., 2000 Gurney et al., , 2002 Pacala et al., 2001) to infer the seasonal cycle of terrestrial light-use efficiency. In this approach, forward runs of an atmospheric transport model (Fung et al., 1991) are conducted to quantify the sensitivity of atmospheric CO 2 concentrations to surface fluxes. We used the same Goddard Institute for Space Studies (GISS) atmospheric transport model runs from an earlier study (Randerson et al., 2002) . The land and ocean surface were divided into 16 geographical regions (eight basis regions each for ocean and land), and a 1 Pg pulse of carbon was emitted from each region every month into the transport model. The 1 Pg C pulse was distributed evenly in time over the month.
The land pulses within each basis region were released with the spatial distribution of mean annual NPP from the CASA model (Potter et al., 1993) , consistent with the methodology of the Transcom experiment (Gurney et al., 2000) . In other words, we used pulse functions whose spatial distribution is weighted by the spatial distribution of mean annual NPP. For the ocean basis regions, the 1 Pg C pulse was released with a uniform spatial distribution each month.
In the Bayesian approach, a priori estimates of the source fluxes with associated uncertainty are introduced, in this case, it is the prior guesses of LUE. We used uniform values of 0.45 gC MJ À1 APAR for all regions and months, and an associated uncertainty of 50%. The prior guess on LUE is an intermediate value among the range of values predicted by process models, as summarized by Ruimy et al. (1999) . The prior error was fairly large, ensuring that the inferred LUE estimates were determined primarily by observations. Further details on inversion methodology, including the cost function formulation, Bayesian estimation, and the least-squares minimization solution, are presented elsewhere (Enting et al., 1995; Rayner et al., 1999; Bousquet et al., 2000; Peylin et al., 2000; Pacala et al., 2001; Gurney et al., 2002) . We were interested in seasonal variations of LUE for each basis region. In the inversion taxonomy, such a seasonal approach is referred to as a 'cyclostationary' inversion, which assumes that both surface fluxes and atmospheric transport do not vary from year to year . In this inversion, the optimal combination of monthly LUE values for each basis region was determined. Following previous works Peylin et al., 2000) , we stabilized the inversion by including conservative limitations on month-to-month differences in the inferred LUE for each region (no greater than 0.3 gC MJ À1 APAR difference from month to month with an uncertainty of 0.1 gC MJ À1 APAR). In practice, this is necessary primarily for the southern hemisphere basis region (#8) since its fluxes impact the atmospheric seasonal cycle much less than northern hemisphere regions, and the inversion is free to infer unrealistically large month-tomonth LUE fluctuations in this region given the large uncertainty we have applied to the Bayesian prior LUE estimates (cf. Peylin et al., 2000) . Including this month-tomonth constraint only slightly affects the inferred temperate and high-latitude LUE values, as well as those for the northern hemisphere tropical basis region (#7). Because carbon exchanges influencing the seasonal cycle of atmospheric CO 2 include oceanic and fossil fuel fluxes, these must be removed, or 'presubtracted,' before aspects of the terrestrial carbon cycle can be retrieved from the atmospheric record. For ocean exchanges from each region and month, we estimated the total net flux as a function of the partial pressure of CO 2 in surface seawater (Takahashi et al., 1997) , a gas transfer coefficient-wind speed relationship (Tans et al., 1990) , and a climatological monthly mean wind field (Esbensen & Kushnir, 1981) . The concentration fields associated with oceanic exchanges were created using the flux fields and the oceanic pulse functions. Unlike the land pulse functions, the ocean pulse functions were released without any underlying spatial flux structure for each region (Gurney et al., 2000) . For fossil fuel fluxes, we used decadal emission estimates for the period 1950 (Andres et al., 1996 . These emissions were combined with modeled fossil fuel pulse functions to estimate monthly 3-D concentration fields for 41 years. The pulse functions were monthly, but we used only one basis region with the spatial distribution of the pulse release conforming to data from Andres et al. (1996) . The final 10 years of concentration (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) were detrended with a smoothing spline (Randerson et al., 2002) and the mean seasonal cycle from fossil fuel emissions at each station was extracted. This time period corresponds fairly well with the mean seasonal cycle GLOBALVIEW-CO 2 data for many of the stations used in this analysis.
The concentration fields from ocean and fossil fuel fluxes were presubtracted from the GLOBALVIEW-CO 2 mean seasonal cycle observations at each station prior to the inversion. (The contribution of oceanic and fossil fuel fluxes to seasonal cycle amplitudes at all stations was small, never larger than 1.5 ppm.) We assumed the remaining mean seasonal cycle at each station was determined solely by terrestrial net carbon exchanges. Because these exchanges are primarily the difference between NPP and HR, we specified HR in order to solve for the NPP of each region and month. HR concentration fields were created from HR flux fields and the transport model flux-to-concentration response matrix, and the inversion solved for optimal NPP concentration fields. Because APAR for each region and month was prescribed from satellite observations, this amounted to varying LUE values for each region and month to produce the NPP values most consistent with the atmospheric CO 2 observations. The HR and APAR fields are described in the next section.
Sensitivity analysis
We conducted four inversions to assess the sensitivity of inferred LUE to the model inputs (HR, APAR, and oceanic gas exchange - Table 2 ). Another useful sensitivity test would have been to use different atmospheric transport models. However, for this study we used only one transport model. The sensitivity to each input was assessed by comparison with the control inversion (#1). Inversion #2 differed from #1 in the HR field input. The magnitude and phasing of HR predicted by the two approaches directly impacts the inferred NPP required to match the seasonal cycle of CO 2 (and thus the inferred LUE). The first HR field is from simulations with the terrestrial carbon cycle model, CASA (Potter et al., 1993) . This model predicts NPP on a monthly basis and tracks carbon fluxes through multiple pools to predict heterotrophic respiration as a function of pool size, lignin content, soil moisture and texture, and temperature. The CASA HR field used here is from an updated version of the model that has a new allocation algorithm, as well as more realistic representations of tropical fluxes due to an updated soil moisture calculation (Van der Werf et al., 2003) . The total annual flux was scaled to equal the flux from the second HR approach (46 Pg C yr À1 ) so they could be compared. Even after this scaling, there were significant differences in the seasonal phasing and magnitude of HR between the approaches. The other HR field (denoted RP95 -downloaded from http://cdiac.ornl.gov) is from the study of Raich & Potter (1995) . In contrast to the CASA approach, Fields of heterotrophic respiration, APAR, and air-sea gas exchange were systematically varied to assess model sensitivity to these inputs. Inversion #1 was taken as the control inversion. HR, heterotrophic respiration; APAR, absorbed photosynthetically active radiation.
monthly soil respiration is calculated with a statistical formulation that captures environmental controls on soil respiration derived from dozens of empirical studies. This formulation contains terms for an exponential dependence of soil respiration on air temperature (a Q 10 relationship) and a term for the effect of soil moisture on respiration (using precipitation as a surrogate for soil moisture). There is no dependence on soil pool size or plant inputs as with the CASA HR fields. The Q 10 of this formulation is 1.49, and the total annual flux is 46.2 Pg C, assuming $ 60% of soil respiration is derived from heterotrophs (e.g., Trumbore et al., 2002) . There are very few data available to assign spatial and temporal variations to the heterotrophic fraction, so we used 60% uniformly for all regions and months. An updated version of the soil respiration model (Raich et al., 2002 ) predicts a higher Q 10 . The updated model has a Q 10 of 1.72. Although the CASA and RP95 models are similar in the Q 10 value each uses and in the global sums of HR, the approaches are in fact quite different. We chose these models, in part, to bracket the range of respiration modeling approaches. The RP95 field is generally more variable than the CASA field, partly because of the hyperbolic response of soil respiration to precipitation in the RP95 model. We conducted another inversion calculation (not one of the four sensitivity analyses reported here) with different Q 10 values by employing both model A and model B from Raich & Potter (1995) . Model A from RP95 has a Q 10 value of 1.6 vs. 1.5 for model B (the latter was the model we used in our inversion sensitivity analysis). The inferred, growingseason mean LUE values change slightly between the runs, with higher values for Model A during the summer months. In general, as discussed previously by Lloyd & Farquhar (1994) , Knorr & Heimann (1995) , and Randerson et al. (2002) , a higher Q 10 value will produce higher summertime respiration fluxes. This would require higher summertime NPP and thus LUE values to match the CO 2 seasonal cycle.
Inversions #1 and #3 differed in the APAR inputs. For the first input, we derived 12 monthly APAR values for each basis region from mean values of the normalized difference vegetation index (NDVI) at 1 Â 1 over the 1982-1990 period (Randerson et al., 1997) and mean monthly values of surface incident PAR from July 1983-June 1991 (Bishop & Rossow, 1991) . NDVI was used to estimate the fraction of incoming PAR absorbed by vegetation (fPAR) using the formulation from Sellers et al. (1996) . APAR was calculated from the product of fPAR and PAR. NDVI fields from the work of Los et al. (2000) were used to create the second APAR input. These fields, referred to as FASIR-NDVI, are based on a technique that employs several corrections before calculating NDVI (Sellers et al., 1996; Los et al., 2000) . These corrections are necessary because reflectance data can become compromised by sensor degradation, viewing geometry, cloud cover, and volcanic aerosols (Los et al., 1994; Sellers et al., 1996; Los et al., 2000) . These NDVI fields also cover the 1982-1990 period (Los et al., 2000) . We calculated fPAR with the same formulation used for the first NDVI input field, and created a mean seasonal fPAR product by averaging values over the entire time period. For all land regions, the FASIR-NDVI fPAR product was higher than the NDVI fPAR product, though both displayed very similar mean seasonal patterns. As Los et al. (2000) note, interannual variations of the FASIR-NDVI data are much smaller than for uncorrected NDVI products over the same time period.
Inversions #1 and #4 differed in the air-sea gas exchange field used for presubtraction. The alternate air-sea gas exchange field was calculated using a quadratic relationship between gas transfer and wind speed (Wanninkhof, 1992) .
Results and discussion
Overall, inferred LUE values were most sensitive to the choice of HR field. Because atmospheric concentration patterns are determined by the net land flux (after accounting for ocean and fossil fuel fluxes), which is the difference between HR and NPP, varying the timing and magnitude of HR directly impacts the NPP (and thus LUE) required to match the concentration data. In general, the RP95 HR field is more seasonal than the CASA HR field, and as a result the growing-season mean, flux-weighted LUE values are slightly higher with the RP95 HR field. Inferred LUE in high-temperate basis regions (3, 4) is slightly higher with RP95-HR, with little change in seasonality. Inferred LUE values in low temperate basis regions (5, 6) are essentially unchanged relative to the CASA HR case. We discuss sensitivity analysis results for the boreal and tropical basis regions later in the paper.
Varying the APAR fields (inversion #1 vs. #3) also impacted the inferred mean LUE, but with little impact on the seasonality of LUE in most regions. The FASIR-NDVI fields (#3) predict larger fPAR values in all regions with little change in the seasonality; the mean inferred LUE for all regions is correspondingly reduced. In general, underestimation of fPAR will lead to an increase in the inferred LUE.
Although the influence of oceanic gas exchange on the seasonal cycle of atmospheric CO 2 is generally small, using different parameterizations of the air-sea flux (inversion #1 versus #4) slightly impacts the inferred terrestrial LUE in the high temperate and boreal land regions, with minimal impacts in other areas. Using the quadratic formulation (Wanninkhof, 1992) results in slightly lower LUE values in basis regions 2 and 3. The discrepancy results from different ocean fluxes in northern ocean basis regions predicted by this formulation.
The growing-season mean LUE values inferred for each land basis region are displayed in Table 3 . These mean values were calculated by averaging the growingseason values from each inversion experiment given in Table 2 . In general, the inferred LUE values are comparable with observations for vegetation functional groups (Ruimy et al., 1994; Running & Hunt, 1993; Gower et al., 1999) . However, it is difficult and not always useful to compare modeling results such as ours with available ground-based measurements. One primary difficulty is the issue of scale, since the basis regions in our inversions cover millions of square kilometers, whereas the observations compiled by Gower et al. (1999) and Ruimy et al. (1994) are based on field studies covering areas usually much smaller than 10-100 km 2 . Additionally, these field studies can focus on relatively pure ecotypes, whereas the basis regions in our study encompass numerous ecosystem types. Finally, there is a great variety in the metric of light utilization that is reported (Gower et al., 1999) . Many of the data reported, especially from eddy flux studies, report values for the gross primary production LUE (GPP-LUE) (e.g., Turner et al., 2003) or canopy quantum yield (e.g., Hanan et al., 2003) on a daily basis, in contrast to many of the studies summarized in Ruimy et al. (1994) and Gower et al. (1999) .
Our inversion results are also broadly consistent with the predictions of numerous biosphere models (Ruimy et al., 1999) , other inversion studies (Knorr & Heimann, 1995; Randerson et al., 2002) , and the assimilation modeling results of Kaminski et al. (2002) , who used different methods, model inputs, and atmospheric transport model. Our results are particularly noteworthy in two regions where the inferred LUE values depart strongly from the prior LUE guesses: the boreal zones (north of 561N) of North America and Eurasia (basis regions 1 and 2) and the northern tropics (all land 0-241N -basis region 7).
Boreal regions
Inferred LUE in the boreal regions is much higher than other land regions, with the exception of region 7. Kaminski et al. (2002) also found higher LUE values at high latitudes. These results are higher than most fieldbased estimates from boreal regions (e.g., Lafont et al., 2002; Nichol et al., 2002) , and likely result from the The growing season for each basis region was defined as the period when the monthly mean APAR exceeds 25 MJ PAR m
À2
. Monthly errors were added in quadrature to estimate the growing-season mean SE for each basis region in each experiment. The mean LUE and uncertainty for each inversion-region combination were averaged across the four inversions. The reduction in LUE SE is relative to the prior error guess (SD) of 0.225 gC MJ À1 APAR, so this error reduction is a slight overestimate (i.e., SE v. SD). Average total cloud fractions (Rossow et al., 1996) during the growing season were weighted by vegetation area in each region (DeFries et al.,
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r 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1240-1252 stronger fluxes required to match seasonal cycles of CO 2 observed at these latitudes (Kaminski et al., 2002) . Extensive and persistent cloudiness (Table 3) and presumed diffuse light fractions over boreal regions may also account in part for the high LUE values in these zones (Lafont et al., 2002; Randerson et al., 2002) . However, there is no statistically significant correlation between our results and the cloudiness for either region.
Within boreal zones, the inferred LUE for Eurasia is consistently higher than North America (Table 3 and Fig. 1) , although the growing-season mean values for these regions are not statistically separated at the 95% level. Indeed, only 1 month (June) has no overlap at the one-sigma SD level (Fig. 1) . The LUE profile inferred for boreal Eurasia (open triangles in Fig. 1 ) is bell shaped with a maximum in July and August. In contrast, the LUE profile for boreal North America (filled circles) shows a sharp increase between June and July, stabilizing through the end of the growing season. The seasonal profiles for each region are consistent across all the inversions we conducted for our sensitivity analysis. It is unlikely the different profiles and seasonal averages are solely a function of climatic differences between the regions that would impact the LUE. We tested for the impact of climatic effects by separately calculating average LUE values for these regions using the CASA model (Potter et al., 1993) , which predicts LUE by modifying an optimal value with temperature and moisture scalars. Both the seasonal profile and magnitude of LUE from the CASA approach were very similar for both boreal regions, suggesting that climatic effects alone cannot explain the inferred LUE differences. Additionally, the total cloud amount and presumed diffuse fraction of solar radiation are similar between regions throughout the year (Table 3) , so these cannot account for the inferred LUE differences.
The different HR fields do not significantly impact the LUE inferred for boreal regions (1, 2). The seasonal shape of inferred LUE is very similar for these regions with differing HR fields (Fig. 2a) ; the RP95 HR field is slightly more seasonal than the CASA field, with larger peak summertime fluxes in basis region 1. This increases the corresponding summertime LUE required (1999) to match the CO 2 observations and slightly alters the inferred LUE seasonality. As a result, the growingseason mean boreal LUE asymmetry between North America and Eurasia is reduced slightly. The inferred LUE is also somewhat sensitive to the APAR field input. The FASIR-NDVI APAR values (inversion #3) are slightly higher than the NDVI APAR values (inversion #1) in these basis regions, producing lower inferred LUE values (Fig. 2b) . The offset between growing-season mean LUE values for these boreal regions is preserved, as are the seasonality differences. Differences in vegetation structure caused by the greater tree cover in Eurasia (DeFries et al., 1999) may also affect the fPAR-NDVI relationship (F. Huemmrich, personal communication) , and thus the difference we infer between boreal North America and Eurasia. The higher Eurasian LUE values may result from a bias toward lower fPAR (Goward & Huemmrich, 1992; Huemmrich & Goward, 1997; Huemmrich, 2001) . The distinct seasonal profiles of these two basis regions, however, suggest that this effect alone cannot explain the difference (Fig. 1) .
The boreal LUE asymmetry is consistent with differences in ecosystem physiology and growth form between the regions. An outstanding distinction between Eurasia and North America north of 561N is the much higher deciduous tree cover in Eurasia. While the average total tree cover is $ 40% higher in boreal Eurasia, the average deciduous tree cover is $ 300% higher in boreal Eurasia than boreal North America (DeFries et al., 1999) (Fig. 3) . In Siberia, deciduous needleleaf Larch (Larix) forests dominate the landscape, covering nearly 280 million ha (Gower & Richards, 1990; Shvidenko & Nilsson, 1994; DeFries et al., 1999) . The inferred LUE profiles for these boreal regions agree with expectations for deciduous or evergreen vegetation. The sharp spring increase and autumn decrease in LUE inferred for boreal Eurasia (region 2) would be expected for deciduous vegetation with relatively sharp leaf-on and leaf-off times (Waring et al., 1995; Bassow & Bazzaz, 1998; Morecroft & Roberts, 1999; Turner et al., 2003) . By contrast, the LUE pattern inferred for boreal North America is consistent with the less sharply defined seasonality of evergreen coniferous vegetation (Hollinger et al., 1999; Turner et al., 2003) . The delayed LUE increase in this region is consistent with the increase in leaf physiological activity and light-saturated photosynthesis accompanying spring warming in these ecosystems (Middleton et al., 1997; Lucht et al., 2002) .
Empirical and theoretical evidence support a higher LUE for Larch forests than boreal evergreen conifer forests. A recent compilation of LUE observations for various ecosystem types (Gower et al., 1999) indicates a higher LUE for deciduous trees than evergreen trees, in both boreal and temperate forests. Other workers found a higher LUE for boreal aspen trees than sympatric black spruce trees (Goetz & Prince, 1998) , a finding confirmed by more recent work using different methods (F. Huemmrich, personal communication). Another compilation (Ruimy et al., 1994) reported higher LUE values for conifers than deciduous trees, although it included temperate, boreal, and alpine forests in the coniferous classification, whereas the deciduous class includes only temperate forests, so a direct comparison is difficult. Taken together, these studies suggest a higher LUE for deciduous trees than evergreen trees, which would support the hypothesis of higher LUE in boreal Eurasian regions resulting from a greater deciduous tree fraction.
However, these LUE data are from deciduous broadleaved trees, and almost no data exist on the LUE of Larch species. The only published data suggest a much higher photosynthetic quantum yield and thus LUE for Siberian Larch trees relative to Canadian boreal conifers (Hollinger et al., 1998) . These data are from an eddy flux study in east Siberia that calculated a quantum yield for a Larix gmelinii canopy in east Siberia of $ 0.01 molCO 2 mol À1 incident PAR, which corresponds to $ 0.55 gC MJ À1 incident PAR. To estimate the quantum yield relative to absorbed rather than incident PAR, we used a simple Beer-Lambert formulation for fPAR (Ruimy et al., 1999) and the observed canopy leaf area index (Schulze et al., 1995) to calculate a quantum yield of $1.2 gC MJ À1 APAR. We used a light extinction coefficient (k) of 0.5, which is typical for conifer forests (Ruimy et al., 1999) . Varying this coefficient by plus or minus 60% produces quantum yield estimates of 2.45 and 0.89 gC MJ À1 APAR.These estimates are larger than the reported quantum yield of a boreal evergreen conifer jack pine stand (0.66 gC/MJ APAR) and comparable to the quantum yield of a temperate mixed deciduous forest (0.83 gC/MJ APAR) (Baldocchi & Vogel, 1996) . Despite the sparsity of Larch LUE data, there are other ecophysiological data that support the hypothesis of a relatively high LUE for these trees. Two studies (Gower & Richards, 1990; Kloeppel et al., 1998) report much higher leaf nitrogen concentrations and greater specific leaf areas in Larch trees relative to co-occurring evergreen conifers, traits that are correlated with the higher photosynthetic potential typical of broadleaf deciduous species (Reich et al., 1997) . Similarly, the midsummer nitrogen concentration of Larch needles in eastern Siberia (Schulze et al., 1995; Vygodskaya et al., 1997) was roughly twice that of the midsummer average N concentration of evergreen conifer needles measured in Canada (Middleton et al., 1997) . The higher Global Change Biology, 10, 1240 -1252 N concentration in Siberian Larch needles is reflected in their relatively high rates of light-saturated maximum photosynthesis: $ 10 mmol m À2 s À1 for Larix gmelinii in east Siberia (Vygodskaya et al., 1997) vs. a midsummer mean of 4.9 mmol m À2 s À1 for jack pine and black spruce (Middleton et al., 1997) . These comparisons suggest a higher LUE for Larch trees, as LUE is positively correlated with light-saturated photosynthetic rates, which are directly related to the N-rich Rubisco enzyme concentration in leaves (Monteith, 1977; Choudhury, 2001) . Additional correlative evidence for the enhanced LUE of Larch trees is the higher intercellular:ambient CO 2 ratio (Ci/Ca), $ 0.7, for Larch trees relative to cooccurring evergreen conifers as estimated from carbon isotope data (Kloeppel et al., 1998) and as calculated using gas exchange measurements (Vygodskaya et al., 1997) . The enhancement in intercellular CO 2 pressure for Larch trees relative to co-occurring conifers corresponds to $ 2.5 Pa, which is sufficient to increase the leaf-level quantum yield up to 5%. This would increase gross LUE, or GPP-LUE, especially under light-limited conditions. Although this is a small enhancement, C i / C a ratios and 13 C discrimination correlate well with other aspects of the deciduous leaf habit (Brooks et al., 1997 ) that seem to confer higher LUE relative to evergreen leaves. As Reich et al. (1997) demonstrated for a wide range of plant types, leaf photosynthetic rates increase with decreasing life span, leaf nitrogen concentration, and the ratio of leaf surface area to mass. All of these characteristics are typical of the deciduous leaf habit, and a higher photosynthetic rate would correspond to higher GPP-LUE. Finally, Goetz and Prince (1998) present evidence that the higher LUE of boreal deciduous aspen trees relative to evergreen spruce trees is caused by differences in the proportion of carbon consumed by autotrophic respiration. The maintenance costs of year-round foliage and a greater amount of foliage biomass should decrease the LUE of evergreen conifers relative to deciduous trees. The absolute amount of foliage biomass in Larch canopies is smaller than comparable evergreen conifers (Schulze et al., 1995) . The average percent of aboveground carbon contained in foliage of east Siberian Larch canopies is $ 3% (Schulze et al., 1995) , comparable to the percentage for boreal aspen stands ( $ 1%) and much lower than that of boreal evergreen conifers ( $ 12%) in North America (Gower et al., 1997) .
Whether or not the higher Eurasian LUE results from the presence of Larch forests, the boreal asymmetry found here is consistent with a recent analysis (Schimel et al., 2001 ) that compared inverse model studies of net carbon storage for North America and Eurasia. The inverse model results were recast in more ecologically meaningful terms, specifically, the storage per unit ground area, per unit vegetated area, and normalized by the growing season length. In all cases, the values for Eurasia were consistently higher than North America by 10-20%. Another study, by Miller et al. (2003) These hemispherical differences in LUE, carbon storage, and discrimination suggest underlying differences in ecosystem structure and function, such as the mismatch in deciduous vegetation cover between boreal Eurasia and boreal North America. The differences also likely reflect other underlying differences between these two boreal zones that affect ecosystem characteristics. As noted by Baldocchi et al. (2000) , the Canadian and Siberian boreal zones differ in their climate (Siberia is generally colder and drier), permafrost cover (Siberia has much more continuous and discontinuous permafrost cover (Bonan & Shugart, 1989) , and forest age structure (Siberia's forest is much younger as a result of more recent disturbances (Shvidenko & Nilsson, 1994; Kolchugina & Vinson, 1995) .
Northern tropical region
The inferred LUE for all land between 01N and 241N (region 7) displays a distinct seasonal pattern and high growing-season average values of $ 0.6 gC MJ À1 APAR, the only land region with LUE values close to those of boreal regions (Table 3 and Fig. 4) . High LUE values might be expected due to the abundance of C 4 grasses in this region (Still et al., 2003) and the physiology of the C 4 photosynthetic pathway that produces a high LUE. C 4 plants are characterized by high growth rates and typically are most abundant in semi-arid, hot ecosystems. In contrast to C 3 plants, C 4 plants concentrate CO 2 around the Rubisco enzyme, effectively eliminating photorespiration and maintaining high quantum yields at high temperatures. Also, C 4 photosynthesis does not saturate as quickly with respect to light as does C 3 photosynthesis, and maximum light-saturated photosynthesis rates in C 4 plants are considerably higher than in C 3 plants (Collatz et al., 1992) . These factors should increase the ratio of carbon uptake to absorbed light under a range of environmental conditions. This prediction is supported by empirical (Ruimy et al., 1994; Gower et al., 1999) and modeling (Choudhury 2001) analyses. For example, the average measured C 4 crop LUE is 30-40% higher than the average C 3 crop LUE (Ruimy et al., 1994; Gower et al,. 1999) .
The distinct seasonality of inferred LUE in this region is striking and consistent with seasonal patterns in the relative amounts of C 3 and C 4 photosynthesis (Fig. 4) . The seasonal LUE inferred for this region also closely corresponds with the total cloud fraction seasonal profile (Rossow et al., 1996) and associated changes in the diffuse fraction of radiation. The precipitation pattern closely follows the cloud fraction pattern in this region, but it does not drive the inferred LUE profile via its effects on HR. The inferred seasonal LUE pattern in region 7 is similar between inversion experiments with differing HR fields (inversion #1 vs. inversion #2 - Fig. 5) . One of the HR fields (RP95 -inversion #2) is strongly sensitive to precipitation, and predicts a more seasonal HR flux. The other HR field (CASA -inversion #1) is less sensitive to precipitation, and predicts a flatter seasonal HR profile. Despite these different HR profiles, the inferred seasonal LUE profile is similar in both cases (Fig. 5) , with a slightly higher flux-weighted, growing-season mean LUE value for inversion #2. for all land between 01N and 241N (open squares) averaged across the four inversion experiments. Also plotted are the average total cloud cover fraction (Rossow et al., 1996) weighted by vegetated area (DeFries et al., 1999) and the ratio of C 4 APAR to C 3 APAR (Still et al., 2003) in open triangles and filled circles, respectively. The correlation coefficient between LUE and cloud cover fraction is 0.85, and the coefficient between LUE and C 4 / C 3 APAR is 0.82.
Despite the broad agreement between inferred LUE in this region and seasonal changes in vegetation physiology and cloud cover, it is unlikely that these latter effects entirely explain the LUE variations. The NDVI values may be artificially low in tropical regions due to persistent cloudiness. Also, the amplitude of seasonal LUE variation is too large to be driven only by increased C 4 vegetation activity and cloudiness. It is likely that seasonal drought impacts on soil water status would also strongly modify LUE in this region, and this phenomenon would be difficult to discern in our analysis. Finally, retrieval of tropical fluxes from atmospheric CO 2 observations is difficult, thanks to vigorous vertical mixing in these regions and a relative sparsity of low-latitude surface monitoring stations.
Conclusions
In this study, we combined inverse modeling in a framework with atmospheric CO 2 measurements, satellite observations, and an atmospheric transport model to infer large-scale physiological functioning of plants, specifically, the LUE of NPP. We deduce a consistent difference in LUE between boreal Eurasia and North America, a result of significance in the debate over partitioning the northern hemisphere carbon sink between these continents. This LUE difference may be caused, in part, by the much greater expanse of deciduous vegetation in Eurasia relative to North America as a result of the vast deciduous conifer (Larch) forests that dominate the landscape of central and east Siberia, covering some 280 million hectares. We also show that seasonal LUE variations in the northern tropics are strongly correlated with seasonal variations in C 4 vegetation production and cloud cover.
Large-scale relationships between inferred LUE and cloudiness support previous work at much smaller scales showing a relationship between LUE, cloudiness, and carbon uptake (Monteith, 1977; Hollinger et al., 1994 Hollinger et al., , 1998 Gower et al., 1999; Freedman et al., 2001; Roderick et al., 2001; Gu et al., 2002) . However, more research clearly needs to be conducted in order to decisively make such a connection between LUE and cloudiness at the scales of our inversion.
This study demonstrates an approach for bridging the scales between top-down estimates of regional scale carbon exchange and site-specific, bottom-up ecological observations. Besides LUE, other ecophysiological properties that characterize plants across an ecosystem are likely to be scale-invariant. These properties provide a multidimensional means for testing our understanding of ecosystem fluxes and carbon dynamics at multiple spatial scales.
